This report describes a COOMET key comparison of pneumatic pressure standards of six National Metrology Institutes (NMIs) that was carried out in the period from September 2004 to June 2006 in order to determine their degrees of equivalence in the range 50 kPa to 500 kPa of the gauge pressure. The pilot laboratory was VNIIM. The pressure standards of the participating NMIs were pressure balances of different design. The transfer standard was a 5 cm 2 piston-cylinder assembly accompanied by a mounting post and a weight carrier supplied by VNIIM. The pressure-dependent effective areas of the transfer standard at specified pressures were reported by the participants. The reference values were calculated as weighted means of the results of VNIIM and PTB which were primary and independent laboratories in this comparison. The results of this comparison were linked to the 1 MPa comparison CCM.P-K1.b using the results of the PTB obtained in both comparisons. Results by all but one participants agree with the reference values and with each other within the expanded uncertainties calculated with a coverage factor 2, roughly a half of the reported results demonstrate agreement within their standard uncertainties. With the exception of one laboratory, the results of the comparison demonstrate equivalence of the laboratory standards and support their measurement capability statements. For laboratories whose CMCs are not presented in the KCDB yet, this comparison provides a basis for submissions for the range 50 kPa to 500 kPa of pneumatic gauge pressure.
Structure and identification of the transfer standard
The comparison was realized with the help of the transfer standard (TS) being a piston gauge with a simple piston. The TS was provided by VNIIM. At VNIIM it is identified by no. 7.
Main metrological characteristics of the TS
1. Measurement range: (0.05-0.5) MPa. 2. Nominal value of the piston area is 5 cm 2 . 3. Typical relative standard deviation of the average effective area as observed in the preliminary investigation by the pilot laboratory is not higher than 4·10 -6 . 4. Working position of the piston is 15 mm above its rest position in the cylinder. 5. Recommended angle of the piston axis deflection from verticality is not greater than 30". 6. Time of the piston rotation at a pressure of 0.1 MPa and temperature of (20±0.5) °C is not less than 20 min. 7. The piston fall rate at the pressure of 0.5 MPa and temperature of (20±0.5) °C is not higher than 0.2 mm/min. 8. Relative uncertainty of mass values of weights used with the TS is recommended not to exceed 10 -6 .
Final report on COOMET.M.P-K1 4 9. Recommended temperature range for the ambient air in the room is (20±2) °C. 11. Working medium is a dry non-aggressive gas. The TS piston-cylinder assembly has a clearance of approximately 0.5 µm which provides a possibility of its operation also by using a filtered non-aggressive liquid with the dynamic viscosity of (1-1.4) mPa·s at 20 °C. 12. Piston-cylinder tungsten carbide alloy BK-6M contains cobalt (6%). At VNIIM, measurements of the magnetic flux of the piston and cylinder were carried out with the help of a flux-gate magnetometer MT 3 grade 0.1. These measurements were carried out at a distance of 20 mm from the end surfaces of component parts and showed 2 µT for the piston and 3 µT for the cylinder.
Transfer standard stability
The date of manufacturing the piston assembly of the TS is April, 2003. Variations of the piston effective aria values observed by the pilot laboratory in the course of one year did not exceed 2·10 -6 .
Standards of the participants
National pressure standards (NPS) were pressure balances for all laboratories. Their properties and traceability of the effective area of their piston-cylinder units are given below.
Final report on COOMET.M.P-K1 The zero pressure effective areas were determined from dimensional measurements. The connection to the TS was realised with an liquid-gas interface. The zero-pressure effective areas were determined from dimensional measurements and from measurements against a primary mercury manometer. The pressure distortion coefficients (λ) of these piston-cylinder assemblies were determined from their dimensions and the elastic constants of their materials using Lamé equations.
Pressure standards of PTB
Final report on COOMET.M.P-K1 The pressure standards set was calibrated by PTB (Germany). The zero effective areas were determined from dimensional measurement and from the statistical evaluations of the SMU pistons mutual crossfloatings. The pressure distortion coefficients were derived from material constants using Lame´s equation. The pressure standards set was calibrated by UkrMetTestStandard (Ukraine). INM standard has traceability of the effective area to the NMi (Netherlands) standards.
Pressure standards of SMU

Pressure standards of INM
Methods for comparing the standards
The comparison of the national standards for the pressure unit was realized by the countriesparticipants by the cross-float method. The method for determining the effective area of the TS piston-cylinder assembly (∆p-or p-method) as well as the way for stating the equilibrium between the cross-floated pressure balances were independently chosen by each of the countries-participants in accordance with their specific working conditions. In the case that the NPS were oil-operated pressure balances, they were connected to the TS using an oil-gas interface.
Procedure of comparisons
In accordance with the Technical Protocol of the comparison, VNIIM supplied a piston-cylinder assembly in a mounting post to be used as a transfer standard whose parameters are close to the parameters of the national primary standards of Russia nos. 8 and 10. Before the comparisons, each country-participant performed preparatory activities relating to mass measurement of dead weights used with the NPS and TS, to tightness check of the pressuremeasuring systems as well as to fabrication of accessories required for connecting the TS to NPS.
After receiving the transfer standard by a country-participant, the determination of the piston fall rate and the time of the piston's free rotation was done as outlined e.g. in the International Recommendation OIML R110 "Pressure balances".
The effective area of the TS was determined with the methods implemented for evaluating metrological characteristics of the national pressure standards in the countries-participants. The piston-cylinder assembly of the TS installed in a pressure comparator was compared with one or several piston-assemblies of the NPS in the pressure points uniformly distributed within the measurement range at monotonously increasing and decreasing pressure. The effective area of the TS was determined by the p-method in PTB, VMC and INM and by the ∆p-method in VNIIM, SMU and BelGIM.
Results and their evaluation
From the effective areas of the TS obtained by the participants with each of their NPS (A p ) and their standard uncertainties (u(A p )), an average effective area for each pressure was calculated (<A p >), which was taken as a weighted mean of the effective areas obtained with all NPS of the participant:
where m is the number of the piston assemblies of the NPS. The uncertainties of type A and B of the average mean, u A (<A p >) and u B (<A p >), as well as the combined uncertainties, u(<A p >), were calculated by corresponding formulae:
( )
Final report on COOMET.M.P-K1 The number of the NPS used by each participant varied from 1 to 5. Thus, in the case of the laboratories applying more than one standard with overlapping pressure ranges, the uncertainties of the mean effective areas reflect both the consistency and the uncertainties of the standards used. In addition, each participant calculated the zero pressure effective area of the TS (A 0 ) using equation
with λ of the TS taken as given in Section 2. The results obtained with each NPS are shown graphically in Figure 1 , the mean effective areas are presented in Table 3 . 
The KCRV and their uncertainties are presented in Table 4 . 
Degrees of equivalence
The degree of equivalence of NMI i with respect to the reference value (A p,ref ) at each pressure is given by a pair of terms, the relative deviation from the reference value:
and its expanded uncertainty (k = 2):
The degree of equivalence between two laboratories i and j is given by a pair of terms, the relative difference between their results:
The degrees of equivalence with respect to the reference value calculated with (8) and (9) are presented in Table 5 . The relative deviations of the participants' results from the KCRVs are shown
Final report on COOMET.M.P-K1 13 graphically in Figs. 2.1 to 2 .6. The error bars present the expanded (k=2) relative uncertainties of these deviations calculated by (9). Degrees of equivalence between two laboratories i and j at pressure 50 kPa, relative deviations (D ij ) and relative expanded uncertainties of these deviations At all pressures, the results of INM deviate from the VNIIM results stronger than the expanded uncertainties of the differences. In addition, the INM results disagree with the PTB result at 100 kPa and with the PTB and VMC results at 50 kPa. All other pairs of the results show an agreement at all pressures. Additionally, degrees of equivalence for the zero-pressure effective areas determined by the participants are shown in Table 7 . Table 7 Degrees Here, only a disagreement between the INM and VNIIMS results is observed. All other results considered in pairs appear equivalent.
Link to CCM.P-K1.b
With 
The deviation of NMI i from the COOMET KCRV, D i,COOMET , as defined by (6), can be transformed into the deviation from the CCM KCRV (D i,CCM ) by:
with the expanded (k = 2) relative uncertainty of this deviation:
where s PTB is stability of the PTB standards (in relative units) involved in the two comparisons. In the same manner the degree of equivalence between any NMI-participant (i) linked to the current COOMET KC by D i,COOMET and any other NMI (j) linked to the CCM KC by D j,CCM can be found as
with the expanded (k = 2) relative uncertainty of this deviation
As the key comparison CCM.P-K1.b was performed with two transfer standards, DH 6594 and DHI 107, for the simplicity of the link, the results obtained with both standards were averaged before performing the link. The PTB standards used in both comparisons were shown to be stable in the time between the two comparisons within 2·10 -6 relative. The standard deviation of the pressure measurements with them is typically lower than 1·10 -6 . Thus, the uncertainty of the link can be taken as s PTB = 3·10 -6 . The relative deviations of the results of the participants in both comparisons CCM.P-K1.b and COOMET.M.P-K1 from the KCRVs of CCM.P-K1.b are shown graphically in Figs. 3.1 to 3.4. The error bars in these figures present the expanded (k=2) relative uncertainties of these deviations, which were calculated by (14). For VNIIM, PTB and SMU, which compared last time between 1995 and 1998 within COOMET project 115/RU/95 [1] , the differences in the actual comparison are close to those in the last project. For others countries-participants in this project this comparison allowed demonstration of their pressure calibration capabilities for the first time.
When comparing this comparison with the similar comparison EUROMET.M.P-K3 (EUROMET project 439) [2] , the differences in the results within the two projects may be explained not only by different methods for determination of the effective area but also different design of the piston-cylinder assemblies used in the pressure balances of the participants' national pressure standards.
